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The structural and electronic dependence of the 11B chemical shifts for a series of borane structures, namely, closo-[B12H12]
2-, 
nest-[B11H15], and arachno-[B10H16] are investigated using density functional theory calculations. Three types of environments are 
identified for the borane systems, in increasing order of chemical shielding as: B-H < B-H-B < B-B-B. The obtained chemical shifts 
are in good agreement with the available experimental results and reflect the extent of heterogeneity of the electronic environments 
present in these chemical systems in terms of symmetry and the number of boron cores. In addition, results of molecular quantum 
similarity studies using similarity descriptors such as overlap and coulomb indices and Euclidean distances are also reported. 
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Borane cages are well understood in terms of the 
popular Wade’s skeletal-electron rule, which accounts 
for their favorable stability and bonding1,2. Structurally, 
boranes are three-dimensional, skeleton polyhedral 
clusters with closed or open faces (e.g., closo, nest, 
arachno, and hypo)3. Boranes provide a link to the 
structural features of condensed fragments of metal-
based networks, and their molecular structures, both 
linear and cyclical, give insight of organic and 
inorganic π-bonding systems. Ken Wade developed a 
method for predicting borane cluster forms that can be 
used for a wide range of substituted boranes (such as 
carboranes, haloboranos, etc.), as well as other types of 
substituted compounds. These so-called Wade’s rules 
are used to characterize the shape of borane clusters by 
calculating the total number of skeletal electron pairs 
(SEP) available for joining the cluster4. Using Wade’s 
rules is fundamental to understanding the structural 
relationship among various boranes2,5,6. Thus, for each 
rule, the "type" of borane under study can be 
characterized as closo, nest, or arachno. 
In the field of inorganic chemistry, X-ray 
diffraction7 has contributed to the structural 
characterization of boranes. Lipscomb deduced the 
molecular structure of boranes using this technique in 
the 1950s and developed theories to explain their 
relationship3. Studies conducted by Lipscomb on the 
three-dimensional structure of borane clusters represent 
another milestone in the study of these compounds3,8. 
However, despite the wealth of information and the 
large number of studies conducted over the past 
century, the chemistry of boron clusters has the same 
level of development as elements like carbon. For 
instance, the successful prediction of borane structures 
can explain the formation of bonds between multiple 
centers (e.g. 3c-2e)6. 
The present study was performed to contribute to 
the field of theoretical 11B NMR8 by examining the 
chemical environment of representative borane 
systems. Further, the magnetic response9 of the nuclei 
involved in these compounds has been evaluated and 
compared with the experimental values4. This 
combined computational and theoretical approach to 
NMR spectroscopy enables determination of the 
absolute (σ) and relative (δ) chemical shifts of 
boranes and provides a rationale for these chemical 
shifts based on the electron density2,9–11. Using the 
Molecular Quantum Similarity (MQS) technique, 
introduced by Carbó and co-workers12–16 and which 
uses similarity indices within the context of density 
functional theory (DFT), the structural relationship of 
the investigated boranes was analyzed and developed 
for each molecular set (i.e., closo, nest, and arachno) 
to determine the most important parameter that affects 
their geometries in terms of structural and electronic 
viewpoints. 
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Theoretical details 
 
Quantum similarity analyses 
Molecular quantum similarity has been used to 
analyze structural relationships12–16 and to understand 
the steric and electronic effects of molecular sets. The 
mathematic relations to obtain a quantum similarity 
ZAB between two compounds A and B with electron 
density 1( )A rρ  and 2( )B rρ , respectively, is defined 




Therefore, the Euclidean distance is the square root 
of the integral of the squared differences between the 
densities 1( )A rρ  and 2( )B rρ . In this context, 
represents a measure of similarity between the 
electronic densities of compounds A and B. Note that 
ZAA and ZBB are the self-similarity of compounds A 
and B17. The similarity index very often used is the 
so-called Carbó index17, which is expressed as 
follows: 
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In Eq. (2), (Ω) represents an operator. 
to make a Quantum Similarity Measure (QSM)
involving two density functions, in the most usual 
form, is in terms of an integral as (Eq. 3),
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where 1( )A rρ  and 2( )B rρ  are the density functions 
of quantum objects A and B, respectively, and  
Ω(r1,r2) is a positive definite weight operator. When 
the operator is chosen as the Dirac Delta function 
(i.e., 1 2( )r rδ − ), we obtain an overlap similarity 
measure, whereas a Coulomb similarity measure 
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These are the two most popular operators for 
similarity comparisons between molecules.
 
Molecular alignment 
An optimal molecular alignment is needed to 
perform the quantum similarity measurements. As 
the integrals attached to the QSM 
positive definite results, the relative position 
problem can be addressed through a maximal QSM. 
For an overlap QSM, this situation can be expressed 
by means of Eq. (4). 
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Here, it is implicitly understood that 
translated and rotated in six possible ways, (T;
which are shown as explicit parameters in this 
integral19,20. This principle is used by the Topo 
Geometrical Superposition Algorithm 
which is the program used in this study to calculate 
the Carbó indexes via Eq. (2). 
Density functional calculations were performed 
using the ADF code21 employing triple
sets plus polarization functions (STO
conjunction with the exchange expression proposed 
by Handy and Cohen and the correlation expression 
(B3LYP) considered through the generalized gradient 
approximation (GGA)22. Geometry optimizations 
were performed without any symmetry restrains using 
an analytical energy gradient method developed by 
Verluis and Ziegler. The magnetic response was 
evaluated by the NMR module of the ADF code
 
Results and Discussion 
We have taken equivalent members from each family 
to establish the primary differences and similarities 
between them, and then the predicted results are 
compared with those obtained experimentally.
 
Structural analysis of the boranes 
The closo borane [B12H12]
2- is an electron deficient 
cluster with an icosahedral symmetry, which is why 
the distances between the boron nuclei do not change 
appreciably in the structure. At 1.786 Å, this distance 
is in very good agreement with the experimental value 
of 1.770 Å, demonstrating the utility of our 
approach25. It is known that chemical shifts are very 
sensitive to geometrical changes; therefore, the 
quality of the results depends primarily on the quality 
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The nest derivative of closo-[B12H12]
2- is B11H15. 
The main difference between these two structures is the 
opening of the cage at one of its corners, with 
concomitant changes in the distances and chemical 
environments in this region of the cluster. The B-B 
bond distances have decreased from a maximum value 
of 2.041 Å to a minimum B-B distance of 1.740 Å. To 
the extent we move away from the opening area, both 
structures retain their similarities. Another variation 
of nest-B11H15 is arachno-B10H16, which is much less 
symmetrical than either the closo or nest structure. 
Table 1 shows that the B-B bond distances range from 
2.006 Å and 1.741 Å. 
Additionally, the appearance of a new type of link 
is observed as B-H-B. These appear in the cluster at 
the opening and generate tension between the B cores, 
giving rise to the range of the aforementioned bond 
distances (Table 1). This scenario leads to the 3c-2e 
rule of Lipscomb. The closo system [B6H6]
2- is simply 
half the icosahedral closo-[B12H12]
2-, even though its 
geometry is octahedral. As in the previous structure, 
the B-B bond distance is 1.737, with a terminal B-H 
bond distance of 1.214 Å. The corresponding 
experimental values are 1.730 Å and 1.090 Å for the 
B-B bond distance and the B-H terminal bond 
distance in [B6H6]
2-, respectively24. Clearly, the 
predicted values are consistent with the experimental 
results. Variations in the bond distances introduce 
changes in the electronic environments of the boron 
nuclei and consequently have a direct impact on the 
chemical shifts. The open-caged nest-B5H9 borane 
exhibits C4v symmetry and B-B bond distances of 
1.799 Å and 1.694 Å where the cage opens, which are 
clearly greater than those in closo-[B6H6]
2-. By 
comparison, the bond distances are smaller at the 
bottom of the structure, which remains closed. 
The borane structures studied herein are presented 
in Fig. 1. The main conclusion that can be drawn is 
that geometrical variations of the different families of 
borane compounds studied first involve a reduction in 
symmetry. This reduction increases the number of 
electronic environments associated with the distinct 
signals in the NMR spectra. Secondly, although the 
symmetry is reduced, the dissimilar borane structures 
facilitate interpretation of the chemical shifts of a 
given structural group, as discussed below. 
In this study, we describe a detailed analysis of the 
chemical shifts of the investigated borane systems. 
The objective was to identify similarities and 
differences associated with the electronic environments 
of systems with a different number of cores. Table 2 
shows the chemical shifts of various types of boron 
atoms with respect to B2H6 as the reference standard. 
The chemical shifts of B and H in closo-[B12H12]
2- 
are -17.58 and 1.18 ppm, respectively. These values 
are in good agreement with the experimental results2, 
as seen in Table 2. Clearly, closo-[B12H12]
2- possesses 
a unique chemical environment due to its high 
symmetry. On the basis of previous work2, it is known 
that the chemical shifts of boron are between 0 and  
50 ppm; thus, the line between high and low field is 
approximately 25 ppm (considering the average 




Fig. 1 — Structures of representative borane cages. 
Table 1 − The calculated B-B bond distances (Å) in  
closo-[B12H12]


























B-H term (1.189) 
aCartesian coordinates are given as supplementary data. 
 




Notably, the value of -17.58 ppm for closo-[B12H12]
2- 
is relatively close to this midpoint, but continues to be 
in the high-field area. 
Unlike closo-B12, nest-B11H15 is missing an apex and 
is consequently open at one end, giving rise to three 
types of boron environments: B-H-B, B-B-B, and 
terminal B-H. Most of the chemical shift values are in 
the low-field region under -25 ppm, except the values  
-0.29 and -8.25 ppm. Additionally, the shift at 
-17.17 ppm found in the high-field region corresponds 
to a more shielded boron nuclei. The presence of these 
three chemical environments can justify this chemical 
shift behavior. In general, electron density is higher in 
areas with the highest number of boron atoms, and 
shielding of these nuclei will be higher. Furthermore, 
the chemical shifts of boron atoms attached to shielded 
hydrogen are smaller because of the lower electron 
density in that vicinity. Applying this criterion to 
arachno-B10H16, in which five types of boron are now 
possible, three different chemical environments are 
apparent that give rise to the range of the observed 
chemical shifts. The symmetry of nest-B11H15 is Cs; 
therefore, the mirror plane in the molecule causes 
approximately half of the boron nuclei to be identical 
to the other half. As seen in the chemical shift data of 
this borane in Table 2, seven different types of boron 
cores are evident. 
 
Molecular quantum similarity (MQS) analysis 
 
Quantum similarity using arachno-complexes 
The quantum similarity indices of all complexes 
are shown in Tables 3−8. Table 3 gives the overlap 
indices of the arachno-complexes using Eq. 2. As 
seen herein, the highest value is obtained in the 
comparison between the complexes B4H10 and B5H11 
(0.8345), with an Euclidean distance of 0.8173  
(see also Supplementary Data, Table S1). The lowest 
value is between the complexes B4H10 and B9H15 
(0.5079), with a Euclidean distance of 1.6483. Other 
notable higher values involve the complexes, B8H14 
and B9H15 (0.811), with a Euclidean distance of 
1.1141; B10H16 and B9H15 (0.7978), with a Euclidean 
distance of 1.2066; and B7H13 and B8H14 (0.7657), 
with a Euclidean distance of 1.1751. 
The quantum similarity using the coulomb 
operator, which is related to electronic properties, is 
also given in Table 3. The highest value is obtained 
between B7H13 and B8H14 (0.9848), with a Euclidean 
distance of 3.3612 (Supplementary Data, Table S2), 
whereas the lowest value is obtained between B5H11 
and B6H12 (0.9210), with a Euclidean distance of 
5.6048. Other high values include: B4H10 and B5H11 
(0.9809), with a Euclidean distance of 2.9166; B8H14 
and B9H15 (0.9803), with a Euclidean distance of 
4.1360; and B7H13 and B9H15 (0.9799), with a 
Euclidean distance of 4.9324. Note that a large 
Euclidean distance indicates low similarity. 
 
Quantum similarity using the closo-complexes 
Table 4 shows the overlap quantum similarity 
values for the closo-complexes. In general, this 
overlap index is related to structural features. As seen, 
the highest overlap similarity value occurs between 
the complexes B10H10 and B11H11 (0.9114), with a 
Euclidean distance of 0.7680. The lowest value occurs 
for B12H12 and B6H6 (0.6732), with a Euclidean 
distance of 1.4432 (Supplementary Data, Table S3). 
In addition, high similarity values exist between the 
Table 2 − Theoretical and experimental chemical shifts of closo-, nido-, and arachno-boranes 
Boron Boron type (σdia      + σpara) σ δ (ppm) Difference 
Calc. Expt.a 
[B12H12]
2- B 187.75 -70.71 117 -17.58 -15.63 -1.95 
B11H15 B1 189.67 -52.98 136.69 -30.30 -32.14 1.84 
 B2 188.51 -97.92 90.58 -8.25 -9.36 1.11 
 B3 190.47 -67.95 122.51 -0.29 -0.35 0.06 
 B4 189.72 -70.07 119.64 -42.05 -36.87 -5.18 
 B5 188.77 -82.51 106.27 -27.27 -11.22 -16.05 
 B6 187.79 -71.48 116.31 -17.17 -17.4 0.23 
 B7 189.18 -108.33 80.84 21.88 11.27 10.61 
B10H16 B1 188.79 -99.74 89.10 10.31 -9.01 1.3 
 B3 186.35 -52.78 92.15 7.26 -8.09 0.83 
 B4 189.75 -63.20 133.48 -34.07 -36.32 2.55 
 B6 189.73 -63.17 126.55 -27.14 -23.10 -4.04 
 B10 182.57 -38.19 144.30 -44.89 -42.26 -2.63 
aExperimental data are from Ref. 2. 




complexes B11H11 and B12H12 (0.9139), with a 
Euclidean distance of 0.7951, and B10H10 and B9H9 
(0.9031), with a Euclidean distance of 0.7639. 
As seen from the coulomb similarity for this family of 
complexes, the highest value of 0.9941 occurs between 
B10H10 and B11H11 (Table 4), with a Euclidean distance 
of 2.6670 (Supplementary Data, Table S4). The lowest 
value corresponds to B12H12 and B5H5 (0.8828), with a 
Euclidean distance of 13.9897. Clearly, this family of 
borane complexes has high values of electronic 
similarity, which are generally above 0.9000. 
 
Quantum similarity using nido-complexes 
Table 5 shows the overlap similarity of various 
nido-complexes. As seen, the highest value is 
observed in the comparison of B10H14 and B4H8 
(0.5114), with a Euclidean distance of 1.6557  
(Supplementary Data, Table S5). The lowest value 
occurs for B6H10 and B7H11 (0.9055), with a Euclidean 
distance of 0.6829. The lowest values are obtained 
using the overlap similarity with respect to the 
arachno- and closo-complexes. 
To evaluate the electronic similarity, the coulomb 
similarity was also calculated (Table 5). The highest 
value is determined for B10H14 and B11H15 (0.9917), with 
a Euclidean distance of 3.2553 (see Supplementary 
Data, Table S6). The lowest value occurs for the 
comparison between B4H8 and B8H12 (0.9214), with a 
Euclidean distance of 8.5514. In general, this family of 
complexes possesses high values of electronic similarity. 
Table 3 − MQS indices of arachno-complexes using the overlap operator and coulomb operator in Eq. (2) 
 B10H16 B4H10 B5H11 B6H12 B7H13 B8H14 B9H15 
MQS indices using overlap operator (O_IAB) 
B10H16 1.0000       
B4H10 0.6144 1.0000      
B5H11 0.7050 0.8345 1.0000     
B6H12 0.6059 0.6624 0.5984 1.0000    
B7H13 0.6357 0.6403 0.6596 0.5551 1.0000   
B8H14 0.7376 0.6123 0.7360 0.6495 0.7657 1.0000  
B9H15 0.7978 0.5079 0.7091 0.6522 0.7524 0.8110 1.0000 
MQS indices using coulomb operator (C_IAB) 
B10H16 1.0000       
B4H10 0.9341 1.0000      
B5H11 0.9514 0.9809 1.0000     
B6H12 0.9331 0.9281 0.9210 1.0000    
B7H13 0.9616 0.9605 0.9636 0.9350 1.0000   
B8H14 0.9724 0.9435 0.9489 0.9349 0.9848 1.0000  
B9H15 0.9796 0.9288 0.9571 0.9507 0.9799 0.9803 1.0000 
 
Table 4 − MQS indices of closo-complexes using the overlap operator and coulomb operator in Eq. (2) 
 B10H10 B11H11 B12H12 B5H5 B6H6 B7H7 B8H8 B9H9 
MQS indices using overlap operator (O_IAB) 
B10H10 1.0000        
B11H11 0.9114 1.0000       
B12H12 0.8039 0.9139 1.0000      
B5H5 0.6817 0.5088 0.4820 1.0000     
B6H6 0.7219 0.6962 0.6732 0.7807 1.0000    
B7H7 0.7756 0.7491 0.7096 0.7828 0.8181 1.0000   
B8H8 0.8358 0.7831 0.7574 0.7351 0.8032 0.8909 1.0000  
B9H9 0.9031 0.8362 0.7873 0.7170 0.7497 0.7909 0.8510 1.0000 
MQS indices using coulomb operator (C_IAB) 
B10H10 1.0000        
B11H11 0.9941 1.0000       
B12H12 0.9875 0.9939 1.0000      
B5H5 0.9470 0.8965 0.8828 1.0000     
B6H6 0.9702 0.9612 0.9529 0.9775 1.0000    
B7H7 0.9770 0.9650 0.9623 0.9754 0.9853 1.0000   
B8H8 0.9860 0.9793 0.9788 0.9650 0.9809 0.9909 1.0000  
B9H9 0.9928 0.9880 0.9856 0.9565 0.9711 0.9845 0.9911 1.0000 
 





The computational tools employed herein have 
proven useful in describing the structural properties of 
three families of borane systems (i.e., closo, nest, and 
arachno) examined in this study, as evidenced by the 
good correlation between the calculated values 
determined herein and previously reported 
experimental values. Three types of environments were 
identified for the borane systems, in increasing order of 
chemical shielding as: B-H < B-H-B < B-B-B. These 
results allowed us to interpret the chemical shifts for a 
wide range of borane systems. The obtained chemical 
shifts are in good agreement with the available 
experimental results and reflect the extent of 
heterogeneity of the electronic environments present 
in these chemical systems in terms of symmetry and 
the number of boron cores. The results presented 
herein were supported by molecular quantum 
similarity studies using similarity descriptors  
(e.g., overlap and coulomb indices and their Euclidean 
distances). Quantum similarity can be related to the 
electronic structures in each family of borane 
complexes and therefore has wide scope for 
describing many other types of systems. It is 
recommended that the level of theory used in this 
work be used in future studies to describe boranes 
cages derived from heteroboranes, boranes, 
carboranes, and haloboranes. Future studies will 
include determining the electronic and structural 
properties of large polyhedral comprising the merger 
between various boranes and derivatives, including 
fusion boranes with closo, nest, and/or arachno-type 
features. Analogous cluster systems such as those 
involving Al (e.g. closo-Al12H14) have gained increased 
attention recently and will also be investigated. 
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